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Eﬀect of oxide on surface tension of molten metal
Cite this: RSC Adv., 2017, 7, 53941

Chunkai Li,abc Yu Shi,*a YuFen Gua and Fuqian Yang

*c

Oxides as one of the commonly activating ﬂuxes used in active tungsten inert gas welding (A-TIG welding) can
dramatically increase the penetration depth to 2–4 times that of conventional welding. Using the oscillation
principle of inviscid ﬂuid, a robust method is developed to measure the average surface tension of molten
metal during A-TIG welding for four diﬀerent oxide activating ﬂuxes of B2O3, TiO2, SiO2, and MgO. The
experimental results suggest that the oxygen released from the decomposition of oxides is the dominant
factor contributing to the change of the surface tension, which can result in the change of the temperature
coeﬃcient from negative to positive and alter the Marangoni convection, leading to the increase in the
penetration depth. However, oxygen of small amount or large amount has a negligible eﬀect on the sign
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change of the temperature coeﬃcient. For oxides of low melting points, the interaction between the
electrons outside the arc and the neutral particles (atoms and molecules) formed from the dissolution of
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the oxides causes the constriction of the arc; for oxides of high melting points, the decrease of the spot

rsc.li/rsc-advances

area in the anode due to high resistivity of the oxides leads to the constriction of the arc.

1. Introduction
Tungsten inert gas (TIG) or gas tungsten arc (GTA) welding have
been widely used in pressure vessels, aerospace and nuclear
components due to the stable welding arcs, high quality of the
weld, and lower cost of equipment. However, there are a variety
of inherently unfavorable features, such as low deposition rate
and shallow penetration depth, which have limited the applications of TIG in the joining of workpieces with thicknesses of
less than approximately 3 mm.1 For workpieces with thicknesses of larger than 3 mm, edge preparation and multi-pass
welding are needed, which has greatly reduced the production
eﬃciency for industrial use.
To increase the penetration depth in TIG welding, a method
of placing a thin layer of powder of inorganic compounds on the
surface of workpieces before welding has been developed and
named active tungsten inert gas welding or A-TIG welding.
Using the A-TIG welding can signicantly increase the penetration depth to 2–4 times that of conventional welding.2 Oxides
have been widely used as activating uxes in A-TIG welding. In
comparison with the activating uxes of uorides and chlorides, oxides have low toxicity and can signicantly increase the
penetration depth.3–5 It has been believed that the increase in
the penetration depth is due to the role of oxides in controlling
the arc constriction and Marangoni convection.
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Howse et al.6 suggested that the increase in the penetration
depth is due to the interaction between the neutral particles
(molecules and atom) from vaporized oxides and the electrons
outside the arc, which causes the connement of the arc
plasma, leading to the increase of the current density and heat
input. Tseng et al.7 studied the eﬀect of SiO2 and TiO2 activating
uxes on the arc behavior and penetration depth during A-TIG
welding and observed the increase of the penetration depth.
They found that SiO2 exhibits better arc constriction than TiO2
since SiO2 is more electronegative than TiO2, and has stronger
interaction with electron than TiO2. However, Lowke et al.8 did
not observe the eﬀect of oxide uxes on the arc constriction over
the water-cooled copper anode. Using oxides as activating uxes
in A-TIG welding, Tanaka et al.9 investigated the arc spectrum,
and did not detect the presence of oxygen for some oxides of
high melting points, including TiO2 and SiO2. They suggested
that the arc constriction is not the main factor contributing the
increase of the penetration depth in the A-TIG welding with
oxides as activating uxes. Heiple10 proposed that the oxygen
from the decomposition of oxides can change the sign of the
surface tension gradient from negative to positive and reverse
the Marangoni convection in the weld pool. Lu et al.11 examined
the amount of oxygen in a weld pool for diﬀerent oxide activating uxes used in the A-TIG welding, and suggested that the
penetration depth and Marangoni convection in the weld pool
are dependent on the amount of oxygen. Using X-ray, Katayama
et al.12 found that oxygen can change the mode of uid ow
from centrifugal mode to centripetal mode. However, the small
size of the weld pool and high temperature of the weld arc have
made it very diﬃcult, if not impossible, to measure the
important parameters for the quantitative description of the
welding arc and weld pool, which are dependent on the welding
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parameters and the coating thickness of activating uxes. The
contribution of activating uxes to A-TIG welding remains
elusive.
Considering the diﬃculty in experimentally quantifying the
eﬀect of activating uxes on the penetration depth in A-TIG
welding, numerical method has been used to simulate the
welding process involving the use of activating uxes. Dong
et al.13 constructed a mathematical model of the welding arc
and weld pool, and studied the oxygen eﬀect on the convection
in the weld pool and the weld shape in a TIG welding process.
They found that oxygen can cause the sign change of the
temperature coeﬃcient of surface tension, and Marangoni
convection is responsible for the increase of the penetration
depth in A-TIG welding. Most of numerical analyses have been
focused on the oxygen eﬀect on the surface tension of liquid
metal without addressing the eﬀect of activating uxes on the
arc behavior and the interaction between the welding arc and
the weld pool.14,15 Also, the data and the temperature coeﬃcient
of surface tension used in the analysis are based on the
condition of thermal equilibrium, which diﬀers greatly from
those presented during the welding. Thus, the numerical
results cannot reveal the fundamental mechanism controlling
the increase of the penetration depth in A-TIG welding.
In this work, a simple method is used to measure the surface
tension of a weld pool during A-TIG welding. The principle
behind this method is the dependence of the oscillation
frequency on the size of the weld pool and the average surface
tension of the molten metal in the weld pool.16–18 Four diﬀerent
oxides of B2O3, TiO2, SiO2, and MgO are used as activating uxes
in the welding of stainless steel. The eﬀects of the oxides on the
surface tension of molten metal and the arc behavior are
studied in order to clarity the eﬀect of oxygen. The eﬀects of
surface tension on the size of the weld bead and the penetration
depth in A-TIG welding process are also discussed.

2. Theoretical model and sensing
system
2.1

Theoretical model

The oscillation of a weld pool is related to the interaction
between the pool surface and external loading, including the
impact of droplet, current pulse, etc.19 Assuming that the
molten metal in a weld pool is inviscid, the oscillation
frequency of the pool surface has been correlated to the surface

Fig. 1

Paper

tension of molten metal and the size of the weld pool. Such
a relationship has been veried by several experiments in TIG
welding.16–18 In general, the surface oscillation of a weld pool
can be approximated as a free surface standing wave.16 The
dispersion relationship can be expressed as


g
2p
u2 ¼ gk þ k3 tanhðkhÞ with k ¼
(1)
r
l
where u is angular frequency, g is gravitational acceleration, g is
surface tension, r is density of molten metal, h is the depth of
the weld pool, and l is wavelength. Note that eqn (1) is based on
the assumption that the eﬀect of non-uniform temperature
distribution has negligible eﬀect on the surface tension and
density of the molten metal. In other words, both the surface
tension and density in eqn (1) represent average values of the
corresponding parameters in the weld pool.
For TIG welding of stainless steel in stationary and partially
penetrated weld pool, there are l  O(W) and l/h > 1/3. These
results lead to
tanhðkhÞ/1 and gk 

g 3
k
r

Using eqn (2), eqn (1) can be approximated as
 1=2
g
g
ðW Þ3=2
u2 ¼ k3 or f ¼ 5:84
r
r

(2)

(3)

where f is the oscillation frequency, and W is the diameter of
weld pool. Using eqn (3), one can calculate the surface tension,
g, of molten metal in a weld pool if the parameter of f and W can
be measured experimentally.
2.2

Sensing system

Generally, it is very diﬃcult, if not possible, to measure the
oscillation frequency directly during the TIG welding process
due to small oscillation amplitude. Shi and his co-workers20,21
have developed a laser-vision sensing system for the measurement of the oscillation frequency of a weld pool. Fig. 1 shows
schematic of the sensing system. Using a beam splitter, a laser
beam of 669.5 nm in wavelength is split into ve laser beams of
line type. These ve laser beams strike the surface of the weld
pool. Any surface change (oscillation) of the weld pool can cause
the change in the reection of the incident laser beams, which
is tracked by a high speed camera. The sampling frequency of

Schematic of sensing system.
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the high speed camera is 1 kHz. A band-pass lter (670 nm)
matching the laser wavelength is used to reduce the eﬀect of the
welding arc on the images.
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3.

Experimental detail

A pulsed TIG welding with electrode of negative polarity was
utilized to trigger the weld pool into oscillation. The welding
torch with a standard 2% thoriated tungsten electrode of
a 2.4 mm in diameter was used. Stainless steel of SUS 304 with
thickness of 10 mm was used as base metal, and Table 1 list the
composition of SUS 304. Four diﬀerent oxides of B2O3, SiO2,
TiO2, and MgO were used as activating ux, respectively in the
welding. Prior to welding, the base metal was ground with 300
grit silicon carbide paper and cleaned with acetone. The slurry
of ux (oxide powder) in acetone was placed on the surface of
the base metal to form a layer of oxide powder.
Weld pools of diﬀerent sizes were produced without moving
the welding torch, i.e. the torch speed is 0 mm s1. The heat
input to the base metal, temperature, and the geometry of weld
pool were controlled by the arc time of t. Table 2 lists the
welding parameters used. Aer the welding, the sectioning of
the weld beads was performed, and the geometry of the weld
(width/diameter: W, and the penetration depth: D) was
measured by an optical microscope.

4. Results and discussion
4.1

Size of weld beads

In the pulsed TIG welding, all the welding parameters and the
mass per unit surface area (coating density) for all the oxides
maintained the same. The coating density is 1.76 mg cm2, and
the arc time varied in a range of 5 to 25 s.
Fig. 2 shows optical images of the transverse cross-sections
of the weld beads formed with and without activating ux at
two arc times of 10 and 15 s. The weld beads formed with
activating uxes of B2O3, SiO2 and TiO2 are narrower and deeper
than those formed without any activating ux and with the MgO
activating ux. There is no signicant diﬀerence of the transverse cross-sections of the weld beads formed without activating
uxes and with the MgO activating ux. Such a result suggests
that using the activating uxes of B2O3, SiO2 and TiO2 increases
the penetration depth and decreases the width of the weld pools
in comparison with the one without activating ux.
From Fig. 2, we can measure the penetration depth and the
width/diameter of the weld beads. Fig. 3 shows the time
dependence of the dimensions of weld beads for the TIG
welding with and without activating ux. It is evident that both
the penetration depth and pool width (width of beads) are
proportional to the welding time. Such results are in accord

Table 1

Table 2

Welding parameters

Parameter

Value

Unit

Material (stainless steel 304L)
Density of stainless steel SUS 304
Arc length
Average current
Peak current (Ip)
Base current (Ib)
Duty rate (s)
Pulse frequency
Welding time
Welding speed
Shielding gas (Ar)

10
7.93
3
113.64
193
65
38%
3.5
Variable (5–25)
0
7

mm
g cm2
mm
A
A
A
—
Hz
s
mm s1
CFH

with the numerical results given by Traidia and Roger22 and
likely due to the convection ow and the heat input, which leads
to the increase in both the penetration depth and the pool
width.
In comparison with the geometric dimensions of the weld
beads formed without activating ux, the use of the activating
uxes of B2O3, SiO2 and TiO2 causes the increase of the penetration depth for the same welding conditions, while the activating ux of MgO has little eﬀect on the penetration depth. The
activating ux of B2O3 has the best capability to increase the
penetration depth for the TIG welding.
From Fig. 3, one can nd the increase rates of the penetration depth and the pool width for constant heat input. Both the
increase rate of the penetration depth with the activating ux of
B2O3, SiO2, or TiO2 is signicantly larger than with MgO and
without activating ux. That is to say, the activating uxes of
B2O3, SiO2, or TiO2 have a great eﬀect on the size of the weld
bead (the penetration depth). The composition of oxides plays
an important in controlling the sizes of weld beads.
Using the results given in Fig. 3, we can calculate the ratio of
the penetration depth to the pool width. The largest ratio is
0.8 for the TIG welding with the activating ux of either B2O3
or SiO2, and the smallest ratio is 0.2 for the TIG welding
without activating ux. Under such a condition, we have h/l >
0.2, and tanh(0.4p) ¼ 0.85. This result suggests that eqn (3) can
be approximately used to calculate the average surface tension
of the molten metal in a weld pool for the TIG welding.

4.2

Oscillation frequency of welding pool

A high-speed camera was used to capture laser-line patterns
during the pulsed TIG welding. Fig. 4 shows temporal evolution
of laser-line pattern for the pulsed TIG welding with SiO2 as
activating ux (Ip ¼ 193 A, Ib ¼ 65 A, s ¼ 38%, f ¼ 3.5 Hz, t ¼
10 s, coating density is 1.4 mg cm2). The laser-line images
exhibit quasi-periodic patterns, suggesting the presence of the

Composition of stainless steel SUS 304 in wt%

C

Si

Mn

P

S

Cr

Mo

Ni

Al

Co

Cu

Ti

V

Fe

0.013

0.53

1.61

0.017

0.011

19.67

0.08

9.95

0.005

0.072

0.11

0.019

0.046

Bal.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Cross-section of weld beads with and without activating ﬂux (coating density of activating ﬂux: 1.76 mg cm2) (D: penetration depth, W:
width of weld bead).

Fig. 5b depicts the distribution of the power spectral density for
the pulsed TIG welding with SiO2 as activating ux (Ip ¼ 193 A, Ib
¼ 65 A, s ¼ 38%, f ¼ 3.5 Hz, t ¼ 10 s, coating density is 1.4 mg
cm2). The oscillation frequency of the pool surface is 178.6 Hz.

4.3

Fig. 3 Time dependence of the dimensions of weld beads for the TIG
welding with and without activating ﬂux; (a) penetration depth, and (b)
pool width.

surface oscillation of the weld pool during the pulsed TIG
welding. Using the brightness value image-processing algorithm developed by Shi et al.,20 the oscillation frequency of the
weld pool was determined from the laser-line pattern images.
Fig. 5a shows the temporal evolution of the amplitude of the
brightness value during the pulsed TIG welding with SiO2 as
activating ux (Ip ¼ 193 A, Ib ¼ 65 A, s ¼ 38%, f ¼ 3.5 Hz, t ¼
10 s, coating density is 1.4 mg cm2), which exhibits periodic
behavior, as expected. Using the data in Fig. 5a, the variation of
the power spectral density with frequency was calculated from
the fast Fourier analysis of the amplitude of the brightness
value by the brightness value image-processing algorithm.

53944 | RSC Adv., 2017, 7, 53941–53950

Surface tension of molten metal in weld pool

Using the measured frequency and the geometric dimensions of
the weld beads, we can use eqn (3) to calculate the average
surface tension of the molten metal in a weld pool. Fig. 6 shows
temporal evolution of the average surface tension hgi of the
molten metal in the welding with diﬀerent activating uxes for
the welding conditions given in Table 2 and the coating density
of 1.76 mg cm2.
It is evident that the average surface tension is a linear
function of the arc time, independent of the activating ux.
There are two diﬀerent trends for the temporal evolution of the
average surface tension; one corresponds to the decrease of the
average surface tension with time, i.e. K (slope) < 0, and the
other corresponds to the increase of the average surface tension
with time, i.e. K > 0. For the welding without activating ux or
with MgO activating ux, K < 0. The MgO activating ux is the
least eﬃcient in changing the size of the weld beads for the
welding of stainless steel SUS 304, in accord with the optical
images shown in Fig. 3. For the welding with B2O3, SiO2, or TiO2
activating ux, K > 0. These activating uxes cause the change of
K from negative value for the welding without activating ux to
positive value, indicating the possibility to signicantly change
the size of the weld bead for the welding of stainless steel SUS
304, as revealed by Fig. 3.
It is known that the temperature coeﬃcient of surface
tension, dg/dT (T is absolute temperature), is an important
parameter determining the size of weld beads for the TIG
welding. There are various methods developed to measure the
temperature distribution of a weld pool during welding,
including infrared method,23 optical emission spectrometry,4,6
etc. Currently, there is no precise method available to directly
and accurately measure the temperature of a weld pool during

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Temporal evolution of laser-line pattern for the pulsed TIG welding with SiO2 as activating ﬂux (Ip ¼ 193 A, Ib ¼ 65 A, s ¼ 38%, f ¼ 3.5 Hz, t
¼ 10 s, coating density is 1.4 mg cm2).

Fig. 5 Oscillation of the brightness value for the pulsed TIG welding
with SiO2 as activating ﬂux (Ip ¼ 193 A, Ib ¼ 65 A, s ¼ 38%, t ¼ 10 s, f ¼
3.5 Hz, coating density is 1.4 mg cm2); (a) time domain, and (b)
frequency domain.

This journal is © The Royal Society of Chemistry 2017

welding because of the inuence of hot arc plasma. Instead,
numerical method has become a viable method of analyzing the
temperature distribution of a weld pool.22,24 Traidia et al.22
studied the temperature distribution of a weld pool in
stationary pulsed TIG welding, and found that both the
maximum and average temperatures of the weld pool are linearly dependent on arc time in a range of the arc time, which
suggests dhgi/dT f dhgi/dt (t is the arc time). Here, the h$i
represents average value. Thus, the slope of K calculated from
Fig. 6 can be used to approximately represent the trend of the
average temperature coeﬃcient of surface tension, dhgi/dhTi, of
the weld pool during the welding. According to the data shown
in Fig. 6, the average temperature coeﬃcient of surface tension
of the weld pool with the activating ux of B2O3, SiO2, or TiO2 is
positive, and the average temperature coeﬃcient of surface
tension of the weld pool with the activating ux of MgO or
without activating ux is negative. The activating uxes of B2O3,
SiO2, and TiO2 cause the sign change of the average temperature
coeﬃcient of surface tension of the weld pool, which likely
alters the ow pattern in the weld pool.
It is known that both the ow pattern in a weld pool determines the size of weld beads. The uid pattern in the weld pool
is mainly dependent on the gradient of surface tension, buoyancy force and Lorentz force, in which the gradient of surface
tension is the dominant factor determining the ow pattern.13,22
In the TIG welding without activating ux, dhgi/dhTi < 0, and
the ow pattern is centrifugal. Under such a condition, both the
heat from the welding arc and mass are easily transferred to the
edge of the weld pool, leading to the formation of relatively wide
and shallow weld beads. Heiple et al.10 suggested that oxygen
can change the temperature coeﬃcient of surface tension from
negative value to positive value and inuence the uid ow in
the weld pool. In the TIG welding with B2O3, SiO2, or TiO2 as
activating ux, the oxygen dissociated from the activating ux
change the sign of the temperature coeﬃcient of surface
tension and the gradient of surface tension, which causes the

RSC Adv., 2017, 7, 53941–53950 | 53945
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Fig. 6

Temporal variation of average surface tension for the TIG welding with and without activating ﬂux (coating density: 1.76 mg cm2).

change of the ow pattern from owing away the arc to owing
towards the arc. The heat from the welding arc is readily
transferred to the bottom of the weld pool, and a narrow and
deep weld bead is formed. Such a trend is in accord with the
optical images shown in Fig. 2. It is the ow pattern in the weld
pool that determines the size of weld beads.

4.4

Eﬀect of coating density

As discussed above, oxygen can cause the change of the
temperature coeﬃcient of surface tension, which plays an
important role in determining the ow pattern in a weld pool. It

53946 | RSC Adv., 2017, 7, 53941–53950

is of great importance to examine if the surface tension of
molten metal is dependent on the amount of oxygen, i.e. the
amount of activating ux.
Fig. 7 shows variation of the average surface tension and the
penetration depth with the coating density for all four activating
uxes. It is evident that both the average surface tension and the
penetration depth are dependent on the amount of activating
ux placed on the surface of the weld pool. With the activating
ux, the average surface tension initially decreases with the
increase of the coating density, and reaches plateau. The
average surface tensions corresponding to the plateaus with the
activating uxes of B2O3, SiO2, TiO2 and MgO are 0.81, 0.88, 0.96

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Variation of average surface tension and penetration depth with coating density (arc time: 10 s); (a) B2O3, (b) SiO2, (c) TiO2, and (d) MgO.

and 1.16 mN m1, respectively. In comparison with the average
surface tension of 1.186 mN m1 for the TIG welding without
ux, the activating uxes of B2O3 and SiO2 are able to reduce the
average surface tension of the molten metal with reasonable
amount of the oxides. The oxide of MgO has limited eﬀect on
the reduction of the surface tension of the molten metal.
The penetration depths with the activating uxes in the TIG
welding exhibit opposite trend from the average surface
tension. For all the uxes, the penetration depth rstly
increases, reaches the maximum, and then decreases (B2O3,
SiO2) or remains unchanged (TiO2, and MgO) with the increase
of the amount of the coating density. Such a trend suggests that
there exists an optimal coating density at which the penetration
depth is maximum.
Tseng25 suggested that increasing the coating density can
cause the increase of the consumption of the arc energy and
reduce the heat input into the weld pool for the decrease of the
penetration depth with the increase of the coating density. On
the other side, Tamatsu et al.26 pointed out that the excess
oxygen in molten metal can change the temperature coeﬃcient
of surface tension from positive value to nearly zero or negative
value. All of these reveal the combination eﬀect of oxide on the
welding and the topology of weld beads.
As discussed above, the use of the activating uxes of oxides
causes the change of the temperature coeﬃcient of surface
tension for the coating density of 1.76 mg cm2. Using the
relationship of dhgi/dT f dhgi/dt, the eﬀect of the coating
density on dhgi/dT can be approximately described by the eﬀect
of the coating density on dhgi/dt (the slope of K in Fig. 6). Fig. 8

This journal is © The Royal Society of Chemistry 2017

shows the variation of K with the coating density with the other
welding parameters being given in Table 2. For the activating
ux of MgO, the slope of K is negative, and the magnitude of the
K decreases with the increase of the coating density. For the
activating ux of TiO2, the slope of K is negative for the coating
density less than 0.69 mg cm2, becomes positive, increases
with the increase of the coating density, and reaches plateau.
Such a result suggests that there exists a critical coating density,
at which K ¼ 0. For the coating density less than the critical
coating density, the molten metal ows towards the edge of the
weld pool, and for the coating density larger than the critical
coating density, the molten metal ows towards the center of
the weld pool and leads to the increase of the penetration depth.

Fig. 8 Variation of the slope of K with coating density.

RSC Adv., 2017, 7, 53941–53950 | 53947
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For the coating densities of the activating uxes of B2O3 and
SiO2 used in this work, the K values are always positive, increase
with the increase of the coating density, reach the maximums,
and decrease to approximately zero with further increase of the
coating density. These results reveal the signicant role of the
coating density for the activating uxes of B2O3 and SiO2 in
controlling the surface tension of the molten metal through the
temperature coeﬃcient of surface tension. There exists an
optimal coating density, which produces the largest temperature coeﬃcient of surface tension, and the Marangoni convection causes the largest ow speed towards to the center of the
weld pool. The excess amount of the activating ux of B2O3 or
SiO2 can cause the decrease of the penetration depth due to the
decrease of the temperature coeﬃcient of surface tension and
the ow associated with the Marangoni convection.
Lu11 and Leconte et al.4,5 studied the oxygen content in the
weld pool with oxide uxes, and found the dependence of the
oxygen content on the melting point and the coating density of
the oxide uxes. The oxygen content in the weld pool increases
with the coating density of the oxide uxes to a certain extent,
and the largest oxygen content is correlated with the melting
point. According to the Ellingham diagram, the stability of
oxides decreases with the increase in temperature. The higher
the melting point of an oxide, the more stable is the oxide. The
oxides of low melting points can easily decompose under the
action of the welding arc. This trend suggests that, for the
welding using oxides with the same coating density, the
oxygen content in a weld pool has the highest amount of
oxygen for B2O3 (lowest melting point of 732 K) and the least
amount of oxygen for MgO (the highest melting point of 3125
K), in accord with the results given by Lu11 and Leconte et al.4,5
One can conclude that an oxide has only a marginal eﬀect on
the surface tension and the temperature coeﬃcient of surface
tension if the melting point of the oxide is too high or the
oxygen content in the weld pool is too low (such as MgO or the
case without oxide). For the activating ux of TiO2, SiO2, or
B2O3, it is the oxygen content which determines the temperature coeﬃcient of surface tension. The temperature coeﬃcient
of surface tension rst increases with the increase of the
coating density or oxygen content in the weld pool, reaches the
maximum, and decreases with the increase of the coating
density or oxygen content in the weld pool, as shown schematically in Fig. 9. It needs to point out that TiO2 has a higher
melting point (2011 K) than those of SiO2 (1873 K) and B2O3
(734 K), and the maximum amount of oxygen in the weld pool

Schematic of the variation of the temperature coeﬃcient of
surface tension with oxygen content.

Fig. 9
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with the use of TiO2 may be less than that with the use of either
SiO2 or B2O3. Thus, the activating ux of TiO2 cannot produce
enough oxygen during the wielding to reach the critical
amount of oxygen in the weld pool required to cause the
decrease of dhgi/dT, as shown in Fig. 9. This behavior is
consistent with the results given by Tamatsu and Nogi26 in the
measurement of the surface tension of pure iron via the
method of sessile drop. In addition, the ions adsorbed on the
surface of the weld pool likely cause the change of the surface
tension.

4.5

Eﬀect of oxide on arc behavior and arc voltage

To analyze if there exists interaction between the oxide coating
and the welding arc, a high speed camera and a digital data
acquisition system were used to record the arc shape and the arc
voltage, respectively. Both the sampling rates of the high speed
camera and the digital data acquisition system are 1 kHz. The
coating density was 1.82 mg cm2, and the arc time was 10 s.
Fig. 10 shows the arc images and the prole of the arc plasma
without and with oxides as activating uxes, which were captured
in the peak current period. All the arc columns consist of two
regions: arc plasma and outer ame. The arc plasma carries the
major fraction of electric current and has the highest temperature, and the behavior of the arc plasma plays the dominant role
in determining the properties of the welding arc. To limit the
eﬀect of the outer ame in the analysis, the images were rst
processed by a binarization algorithm to obtain the prole of the
arc plasma. The analysis reveals that the activating uxes of MgO
and TiO2 have little eﬀect on the shape of the arc plasma, and the
activating uxes of B2O3 and SiO2 cause the constriction of the
arc plasma, as shown in Fig. 10b.
Fig. 11 shows the temporal variation of the arc voltage with
and without activating ux in the peak current period. The arc
voltage remains constant during the TIG welding. In comparison with the welding without activating ux, the activating ux
of TiO2 has no eﬀect on the arc voltage, the activating ux of
MgO causes a slight increase of the arc voltage, and the activating uxes of SiO2 and B2O3 cause large increase of the arc
voltage. The increases of the arc voltages are 2.79, 2.48,
0.35, and 0 V for the activating uxes of SiO2, B2O3, MgO, and
TiO2, respectively, which have the same sequence as the
constriction of the arc plasma shown in Fig. 10b. There likely
exists one to one relationship between the increase of the arc
voltage and the constriction of the arc plasma.
The little eﬀect of the activating uxes of MgO and TiO2 on
the arc voltage and the shape of the arc plasma is in accord with
the observation by Tanaka et al.9 Such behavior is due to high
melting points of MgO (3125 K) and TiO2 (1996 K), which
indicates the diﬃculty for the decomposition and vaporization
of both activating uxes during the TIG welding.
Both the activating uxes of SiO2 and B2O3 had greatly constricted the arc plasma and increased the arc voltage. For the
activating ux of B2O3, the welding arc causes the vaporization
of B2O3 to form neutral molecules, which interact with the
electrons in the outer ame of the welding arc, leading to the
constriction of the arc plasma. It has been reported that the

This journal is © The Royal Society of Chemistry 2017

View Article Online

Open Access Article. Published on 23 November 2017. Downloaded on 14/02/2018 14:20:53.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Paper

RSC Advances

Eﬀect of activating ﬂux on the arc proﬁle (coating density: 1.82 mg cm2, arc time: 10 s); (a) images of welding arcs, and (b) proﬁle of the
arc plasma.
Fig. 10

Fig. 11 Temporal variation of arc voltage with and without activating

ﬂux.

spectrum analysis of the welding arc has not revealed the
presence of oxygen, silicon or SiO2 in the welding arc column for
the welding with the activating ux of SiO2. Generally, SiO2 is
more stable than B2O3 and is relatively diﬃcult to be decomposed. The high resistivity of SiO2 has limited the conducting
paths to the center region of the arc plasma, in which the
temperature likely is much higher than the melting point of
SiO2. Thus, the constriction of the arc plasma for the activating
ux is due to the decrease of the spot area in anode associated
with the high resistivity of SiO2. The constriction of the arc
plasma leads to the increase of the electric current density into
the weld pool, which produces large Lorentz force and arc
pressure on the weld pool, resulting in a large penetration
depth.

5.

Summary

One of important parameters controlling the welding quality is
the geometrical dimensions of the weld beads, which depend
on the surface tension of molten metal and the arc behavior.
Using a laser-vision sensing system for the measurement of the
oscillation frequency of a weld pool, the eﬀects of the activating
uxes of oxides on the surface tension of molten metal, the
This journal is © The Royal Society of Chemistry 2017

temperature coeﬃcient of surface tension and the arc behavior
during the TIG welding were investigated. The following is the
summary of the results.
(1) Both the melting point and resistivity of oxides play
important roles in controlling the change of the average surface
tension of the molten metal, the Marangoni convection and the
arc behavior during the TIG welding. The melting points are
correlated with the vaporization and decomposition of oxides
that determine the oxygen content in the weld pool. The lower the
melting point of an oxide, the more unstable is the oxide. For
oxides of low melting points, oxides can readily decompose to
form oxygen and to increase the oxygen content in the weld pool.
(2) The oxygen content in the weld pool or the coating density
of oxides play a dominant role in determining the average
temperature coeﬃcient of surface tension, which aﬀects the
Marangoni convection and the penetration depth. Low oxygen
content (such as the use of MgO) has little eﬀect on the sign of
the average temperature coeﬃcient of surface tension. With the
increase of the oxygen content for the use of TiO2, SiO2, or B2O3
in the TIG welding, the average temperature coeﬃcient of
surface tension rst increase and reach maximum. Further
increase of the oxygen content (coating density) can lead to the
decrease of the average temperature coeﬃcient of surface
tension. The average temperature coeﬃcient of surface tension
determines the ow pattern of the molten metal in the weld
pool, which changes from the ow towards the edge of the weld
pool to the ow towards the center of the weld pool, leading to
the increase of the penetration depth.
(3) The variation of the arc plasma during the TIG welding is
dependent on the oxides used. For oxides of low melting points
(B2O3), the vapored particles (oxygen, atom, and molecule)
formed from the decomposition of the oxides interact with the
electrons in outer region of the welding arc, which causes the
arc constriction. For oxides of high melting points and high
resistivities (SiO2), it is the reduction of the spot area in anode,
which controls the arc constriction.
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